Cobalt was deposited by physical vapor deposition onto thin well-ordered niobia films in order to model niobia supported Co catalysts. Adsorption of CO on the Co/niobia surfaces was studied by temperature programmed desorption and infrared reflection absorption spectroscopy. Structural characterization was performed by photoelectron spectroscopy and scanning tunneling microscopy. Cobalt was found to wet the niobia film and be partially oxidized at 300 K in contrast to Co deposited on thin alumina films, where three-dimensional metal particles are stable up to 600 K. The combined results clearly indicate a strong interaction of Co with the niobia surface including Co migration into the film, which may have implications for the effects of niobia observed in real catalysts.
Introduction
During last decade, niobia supported catalysts have received much attention in many important processes such as dehydrogenation of paraffins, Fischer-Tropsch synthesis, among others (see reviews [1] [2] [3] [4] ). For example, Pd and Pt catalysts supported on niobium pentoxide, Nb 2 O 5 , and Nb 2 O 5 /Al 2 O 3 supports have been found to be active in propane oxidation [5] and selective to olefins in the n-heptane conversion [6, 7] . Also, 3d-metals (Co, Ni) supported on niobia showed a higher selectivity to the high molecular weight hydrocarbons during CO hydrogenation reactions as compared to alumina and silica supported catalysts [8] [9] [10] [11] . The effects of niobia in the supported metal catalysts are basically rationalized in terms of so called strong metal support interaction (SMSI). This interaction may provide active sites for the reaction to occur [8, 9, 12] but may also inhibit the reaction (see, for example [13] ).
In order to understand the role of niobia in these catalysts, we have recently initiated model studies where well-defined niobium oxide films can be used as planar supports. In particular, a thin niobia film can be grown on a Cu 3 Au(100) substrate [14, 15] . Figure 1 schematically shows the structure of the ultra-thin film, which consists of 2/3 of a monolayer (ML) of Nb between two hexagonal O-layers, where Nb 5+ cations occupy the threefold hollow sites [15] . Interestingly, this surface does not resemble any known niobia surface if the latter do not reconstruct. On the other hand, it well may be that the ''monolayer'' niobia catalysts, supported on high-surface area supports such as alumina, also exhibit structures different from a simple Nb 2 O 5 bulk truncation.
As the next step in our continuing studies modeling niobia supported metal catalysts, we have investigated the structure and CO adsorption properties of Co deposited on the niobia films by physical vapor deposition. The results obtained using temperature programmed desorption (TPD), infrared reflection absorption spectroscopy (IRAS), photoelectron spectroscopy (PES) and scanning tunneling microscopy (STM) clearly show a strong interaction of cobalt deposits with the niobia films at room temperature.
Experimental
The experiments were performed in three ultra-high vacuum (UHV) chambers denoted as ''STM'', ''TPD/ IRAS'' and ''PES'' (base pressure below 5 Â 10 )10 mbar). Each chamber was equipped with low energy electron diffraction (LEED) and a quartz crystal microbalance for calibrating the metal (Nb, Co) evaporators (Focus EFM3). The LEED patterns of the samples were used to judge the quality of the films for combining the results, obtained in different chambers.
The Cu 3 Au(100) single crystal (6 mm diameter and 2 mm thick) was supplied by Mateck. The crystal temperature was controlled using a chromel-alumel thermocouple spot-welded to the edge of the crystal and a feedback control system (Schlichting Phys. Instrum). The crystal was placed between two parallel Ta wires used for resistive heating in TPD/IRAS and PES *To whom correspondence should be addressed.
E-mail: shaikhutdinov@fhi-berlin.mpg.de chambers. In the STM chamber, the sample was clamped to a Mo holder and heated from the backside of the crystal using electron bombardment from a W filament.
The preparation of the niobia films has been described in details elsewhere [15] . Briefly, the clean Cu 3 Au(100) surface was implanted with oxygen at 300 K, using the ion sputter gun, and subsequently annealed in UHV at 650 K for 5 min. Nb was vapor deposited onto this sample kept at 300 K and then oxidized in 10 )6 mbar O 2 at 773 K for 30 min. Both Nb and Co were deposited in amounts presented in the paper as a nominal thickness (in Å ) measured by the quartz microbalance.
For TPD measurements, the sample was placed < 1 mm far from the nozzle of a shield on a differentially pumped quadrupole mass-spectrometer (QMS) and heated at a rate of 3 K/s. IRAS experiments were performed with a Bruker IFS 66vs spectrometer (resolution $2 cm )1 ) at grazing incidence (83°with respect to the surface normal). STM measurements were performed at room temperature with Omicron Micro-H microscope.
Results and discussion
First we have studied the adsorption of CO on the clean niobia films in order to discriminate between CO adsorbing on the Co deposits and the niobia film support. In addition, it is well documented that CO is a good probe molecule for characterization of Lewis acid sites on oxide surfaces [16, 17] that may help in further understanding of the surface structure of the niobia film.
CO adsorption on the thin niobia film
Figure 2(a) presents typical CO TPD spectrum observed for thin niobia films. Three desorption peaks at 125, 155 and 272 K are clearly seen. The spectrum for the clean Cu 3 Au(100) substrate is also shown, for comparison. The O-implanted Cu 3 Au(100) surface, treated at the same conditions as for preparation of the niobia films, was essentially inert towards CO. Therefore, the TPD signals observed on the niobia films can be definitely assigned to CO adsorption on the niobia surface. Consecutively measured spectra were identical and did not show any CO 2 formation, indicating that the niobia film does not suffer from reduction by CO under these conditions and that CO molecularly adsorbs on the niobia films. The highest desorption temperature observed ($270 K) is unusually high since CO usually desorbs from the various oxide surfaces at temperatures below 200 K [18] . This state cannot be assigned to metallic Nb species since CO desorbs from metallic Nb surfaces at $425 K [19] . The rectangle shows the (2 Â 7) coincidence superstructure, which is formed between oxide and metal substrate lattices. The surface shows a hexagonal lattice with a 5.3 Å periodicity.
